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FLOW SENSING APPARATUS 

Field 

This invention relates to a fluid flow sensing apparatus which has a high sensitivity at 
low fluid flow rates. The flow sensing apparatus is particularly suitable for sensing respiration 
5 and is useful for treating respiratory sleep disorders. 

Background 

The study and treatment of respiratory sleep disorders, such as sleep apnea, has resulted 
L in the development of numerous diagnostic, monitoring and treatment devices. One type of these 
S devices is the Positive Air Pressure ('TAP'') device, in which the patient receives a controlled 

1 frf amount of gas depending on a variety of factors. For example, in a Bi-Positive Air Pressure 

O 

C5 ("Bi-PAP") device, the patient receives gas at one pressure during inhaling, and at another 

+; pressure while exhaling. PAP devices are primarily used for treatment of respiratory sleep 

« disorders, but can be used for diagnostic and monitoring functions as well. 

III Devices such as the Bi-PAP device must, therefore, have the ability to quickly determine 

iff the patient's respiratory state and apply the correct gas pressure associated therewith. 

fif Previous attempts to provide this ability in positive air pressure devices have involved the 

use of "on-off ' switches or valves as flow sensors. Other methods include the use of pressure 
transducers, which can be cumbersome and are generally not cost effective. 

One problem associated with the switches or valves is that they cannot provide an analog 
20 signal indicative of the patient's breathing force. Another problem with existing flow sensors is 
that at low fluid flow rates or pressures, the sensor sensitivity is low, and the sensitivity only 
improves as the flow increases. For the treatment of sleep disorders such as sleep apnea, it is 
especially important for these devices to be able to detect and respond to very low fluid flow 
rates. 

25 There is a need for a flow sensing device which can generate an analog signal in response 

to a patient's breathing, has a high sensitivity at a low fluid flow pressure, and is economical and 
compact so as to be suitable for use with a variety of positive air pressure devices. 
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Summary of the Invention 

The present invention is directed to a fluid flow sensing apparatus comprising a flow- 
responsive element projecting into a fluid flow path and a position sensor in communication with 
the element to detect a change in position of the element in response to a fluid flow. The 
5 apparatus has a sensitivity that is generally inversely related to a pressure generated by the fluid 
flow. In one embodiment, when the fluid is a gas or a combination of gases, the apparatus has a 
sensitivity that is inversely related to the pressure generated by the gas when the gas flow rate is 
greater than about 20 liters/minute (hereinafter, "1/min"). The flow-responsive element can 
respond to fluid in flow in more than one direction, and preferably responds when the fluid flow 
lfU rate is between about -10 1/min to about 150 1/min for gaseous fluids. The fluid flow sensing 
5i apparatus can also be used to detect flow rates of other fluids, such as liquids. The position 
OB sensor may also be in communication with a fluid flow controller to control the fluid flow in 

Issl 

S{ response to the change in position information detected by the sensor. 

J5 The present invention is also directed to a device for delivering gas to a patient, 

lift comprising a gas flow generator to generate a positive gas pressure along a gas flow path, a 
j£ multidirectional gas flow sensing apparatus to detect a patient breathing, a gas flow controller to 

s U 

III control the gas pressure in response to the patient breathing, and a patient breath interface to 

if 85 ! 

m monitor the patient's breathing, wherein the gas flow sensing apparatus comprises a flow- 
responsive element projecting into the gas flow path and a position sensor in communication 

20 with the element to detect a change in position of the element in response to the patient 

breathing. The position sensor is also in communication with the gas flow controller to control 
the gas pressure based on the change in position information provided by the position sensor. 

The position sensor has a sensitivity that is inversely related to a fluid dynamic pressure 
generated by the patient breathing. The flow-responsive element responds to one degree when 
25 the patient is inhaling and to another degree when the patient is exhaling. The gas flow generator 
generates a gas pressure for inhaling and a different gas pressure for exhaling in response to the 
change in position of the element, and such change in position is proportional to a force 
generated by the patient breathing. The flow-responsive element can be made from a variety of 
materials such as plastic, metal, ceramics, paper, composite materials, and the like. 
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In one embodiment, the position sensor preferably comprises one or more magnets and a 
Hall Effect sensor. The magnet is preferably attached to the flow-responsive element at a 
location on the element that is out of the gas flow path. The Hall Effect sensor is preferably 
positioned proximate to the magnet and spaced apart from the flow-responsive element. 
Preferably, there are a plurality of magnets, with each magnet being positioned on an opposite 
surface of the flow-responsive element and attached to the element by attractive magnetic forces. 
In one embodiment, the gas flow generator is a dual pressure blower. Preferably, the gas flow 
controller is a valve. 

Description of the Drawings 

FIG. 1 is a perspective view of one embodiment of the flow sensor of the present 
invention. 

FIG. 2 is a plan view of one embodiment of the deformable element of the present 
invention. 

FIG. 3 a is a plan view of one type of deformable element of the present invention. 

FIG. 3b is a perspective view of another embodiment of the flow sensor of the present 
invention which includes the deformable element shown in FIG. 3 a. 

FIG. 4 is a plan view of one embodiment of the flow sensor of the present invention in a 
housing. 

FIG. 5 is a side view of the flow sensor of the present invention shown in FIG. 4. 

FIG. 6a shows one embodiment of an assembly jig for assembling the flow sensor of the 
present invention. 

FIG. 6b shows the assembly jig of FIG. 6a with magnets attached to the deformable 
element of the present invention. 

FIG. 6c shows the assembly jig of FIG. 6b with one part of the housing attached to the 
flow sensor of the present invention. 

FIG. 7 is a schematic diagram of the flow sensor of the present invention used in a 
positive air pressure system. 
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FIG. 8 is a perspective view of one embodiment of a flow corrector of the present 
invention. 

FIG. 9 is a plan view of one embodiment of the deformable element of the present 
invention with dimensions. 

FIG, 10 is the calibration plot used to calibrate the blower in Example 1. 

FIG. 1 1 is a plot of output voltage vs. flow rate using the flow sensor of the present 
invention. 

FIG, 12 is a comparative plot of output voltage versus flow rate of the flow sensor of the 
present invention and a differential flow meter. 

FIG. 13 is a plot of dynamic pressure versus flow rate of a positive air pressure system. 
Detailed Description 

Figure 1 shows one embodiment of a flow sensor 10 in accordance with the present 
invention. Flow sensor 10 includes flow-responsive element 12 and position sensor 14. In the 
embodiment shown in Figure 1, flow-responsive element 12 includes a paddle portion 16 and a 
torsion strip portion 18 to which sensor 14 is attached. Preferably, there are two position 
sensors 14 (the second sensor is not shown in Figure 1), one attached to each planar surface of 
the torsion strip portion 18. 

In operation, the ends 20 of torsion strip portion 18 are held in a fixed position, with 
paddle portion 16 positioned in the fluid flow path approximately normal to the fluid flow. 
When there is no fluid flow in the flow path, paddle portion 16 is said to be in the "zero-flow T " 
position. As fluid flows along the flow path the fluid dynamic pressure generated by the fluid 
flow operates against the paddle portion 16. Paddle portion 16 changes position in response to 
the pressure. In turn, torsion strip portion 18 deforms in response to the torque applied by the 
change in position of paddle portion 16. The position sensors 14 sense the deformation of the 
torsion strip portion 18 and can transmit a signal to a fluid flow controller that corresponds to the 
degree of change in position of flow-responsive element 12. The controller can adjust the flow 
based on the signal from position sensors 14. 
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Flow-responsive element 12 is preferably subjected to biasing forces which bias 
element 12 into the zero-flow position, so that as the fluid flow changes, the response of 
element 12 changes, and when there is no fluid flow, element 12 is biased into the zero-flow 
position. Such forces may include torsional forces from a torsion coil spring, gravitational 
5 forces, or material structural biasing forces in the material used to make element 12 to bias 
element 12 into the zero-flow position. 

The change in position of flow-responsive element 12 relative the zero-flow position is 
indicative of the patient's breathing direction and strength. Flow-responsive element 12 will 
preferably change position along a continuum, and the degrees of change in position, in other 
10 words, the sensitivity of the flow sensing apparatus, can be controlled by the selection of 
material or materials used to make element 12 and by the selection of the biasing force. 

o 

Jjj; Flow-responsive element 12 can be made of a wide variety of materials including: 

M plastics; metal, such as brass, aluminum or steel; composite materials, such as fiber reinforced 
jg plastics; ceramics, such as glass; paper; or any combination of materials which provide the 
desired properties. 

Preferably, the material used for flow-responsive element 12 is mechanically stable with 

fU little or no creep, has a low elastic modulus so it changes position easily, is relatively impervious 

O 

fli to normal temperature or humidity variations, has good internal damping to reduce the tendency 
to flutter, is consistently easy to manufacture and can be produced at a low cost. 

20 One particularly preferred material for flow-responsive element 12 is Mylar®, a plastic 

film composed of the polyester polyethylene terephthalate, available from DuPont. Other plastic 
films or similar materials may also be used. As shown in Figure 2, the paddle portion 16 and 
torsion strip 18 of flow-responsive element 12 can be made from a single piece of material. 
Alternatively, paddle portion 16 and torsion strip 18 can be made of different materials. 

25 Preferably, paddle portion 16 is made of a relatively rigid material and torsion strip portion 18 is 
made of a relatively elastic material to maximize the twisting motion sensed by position 
sensors 14 when dynamic pressure is applied to paddle portion 16. 

If flow-responsive element 12 is made from a single piece of material, steps can be taken 
to stiffen paddle portion 16 relative to torsion strip 1 8. For example, as shown in Figures 3 a and 
30 3b, paddle portion 16 can be made by folding the material at the dotted line, thereby making 
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paddle portion 16 relatively stiff compared to torsion strip 18, and optimizing the twisting 
motion sensed by position sensors 14. 

Although the embodiments described above utilize the change in position by deformation 
of a flexible material, such as Mylar®, other embodiments may use coil springs and the like to 
5 enable the flow responsive element to change position in response to fluid flow. Using a spring 
or similar device, rigid materials, such as glass or ceramics can be used to make the flow- 
responsive element. The sensitivity of such an embodiment will depend in part on the strength 
of the spring coil Using such an embodiment provides a great deal of control over the range of 
sensitivity of the flow sensing apparatus. 

1=0 Position sensor 14 can be any type of sensor capable of sensing a change in position or 

p twisting of torsion strip portion 18 and generating a signal in response thereto. One preferred 

» tyP e °f sensor is a Hall Effect Sensor (HES) with magnets positioned on opposite surfaces of 

W 

M torsion strip 18. When torsion strip 18 deforms, the magnets physically rotate together relative 
p to their previous position. The rotation of the magnets results in the magnetic field rotating 
pL5 relative to the HES, thereby causing a change in the strength and/or the direction of the magnetic 
field through the active element of the HES. The change in the magnetic field causes a change in 
the output voltage of the HES, which is used to control the magnitude and direction of the gas 
flow through the positive air pressure device. Other position sensors, such as accelerometers or 
optical sensing devices, can also be used. 

20 As best seen in Figure 5, magnets 28 and 30 are preferably positioned opposite each other 

on either planar surface of torsion strip 18. Preferably, the magnets 28 and 30 of position sensor 
14 are located at or near the center of torsion strip 18 to optimize sensitivity as shown in Figures 
1 and 3b. However, the magnets 28 and 30 can be located anywhere along strip 18 other than at 
ends 20. The location of magnets 28 and 30 on torsion strip 18 will affect the sensitivity of the 

25 flow sensing apparatus. 

Ends 20 of torsion strip 18 can be fixed within a housing 22, as shown in Figure 4. 
Ends 20 can be fixed by any method, such as adhesion, clamping, bolting, soldering, and the like, 
as long as the middle portion of torsion strip 18 between ends 20 is free to deform in response to 
a change in position of paddle portion 16. Figures 4 and 5 show housing 22 having clamping 
30 blocks 24 and 26 in between which ends 20 of torsion strip 18 are fixed. Clamping blocks 24 
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and 26 are held together by screws 29. Housing 22 should preferably also accommodate position 
sensor 14. In the embodiment shown in Figure 5, clamping blocks 24 and 26 provide sufficient 
room for magnets 28 and 30 which are attached to torsion strip 18. Hall Effect Sensor 32 is 
positioned in a slot 34 in clamping block 26, and is preferably held in place with an adhesive or 
positive clamp or similar devices. Figure 5 also shows wire 40 in communication with sensor 
32, which can be connected to a fluid flow controller or other device (not shown) to control the 
fluid flow in response to the torque sensed by the magnets 28 and 30. 

The tension in torsion strip 18 within housing 22 plays an important role in determining 
the overall sensitivity of flow sensor 10. To provide consistent tension in torsion strip 18, it is 
preferred to apply a measured amount of force to torsion strip 1 8 and hold torsion strip 18 at this 
initial tension while sensors 14 and housing 22 are attached to torsion strip 18. Housing 22 can 
then maintain the tension in torsion strip 18 when flow sensor 10 is used in a positive air pressure 
device. A change from the predetermined amount of initial tension in torsion strip 18 will then 
indicate the air flow rate within the PAP device. 

One method for applying tension forces to torsion strip 18 is shown in Figures 6a-c. The 
ends 20 of torsion strip 18 are clamped into assembly jig 80 in between clamps 82 and 84. 
Clamp 84 can be pulled axially by a calibrated spring balance 86 or similar device, thereby 
placing torsion strip 18 under a measured amount of tension force. In this position, sensors 14, 
such as magnets 28 and 30, can be placed on torsion strip 1 8 as shown in Figures 6a and 6b. In 
the embodiment shown, a magnet positioning block 88 is used to precisely align magnet 28 onto 
torsion strip 18. Other methods for positioning the magnets on the torsion strip can also be used. 

Figure 6c shows the positioning of clamping block 26 on one side of torsion strip 18 . 
Clamping block 24 can be positioned on top of block 26 with torsion strip 18 positioned in 
between the two blocks. Once torsion strip 18 is secured between clamping blocks 24 and 26, 
the entire flow sensing unit, including clamping blocks 24 and 26, magnets 26 and 28, and flow 
responsive element 12 can be removed from the assembly jig simply by cutting the torsion strip 
18 portions between the clamping blocks and clamps 82 and 84. The flow sensing unit can then 
be inserted into the desired location of a positive air pressure device. 

In the embodiment shown in Figure 6a, magnet 28 is offset from torsion strip 18. 
Magnet 30, seen in Figure 6b, is similarly offset from strip 18. The magnets were offset in this 



25101703.1 



Express Mail No. 
EV030122630US 
Page 8 

embodiment to compensate for the weight of the paddle portion 16, which in this case was made 
by folding the Mylar® film having a thickness of 80 microns. By adjusting the magnet position 
to compensate for the weight of the paddle portion, the centers of gravity of the flow-responsive 
element and the position sensors in contact with the element are on axis, and therefore preferably 
5 do not twist or deform torsion strip 1 8 at the zero flow position. In the embodiment shown in 
Figure 6a, the magnets are offset from the edge 90 of torsion strip 18 by about 2 mm. The 
skilled artisan will appreciate that the center of gravity of flow sensor 10 will depend on the 
materials used to make flow sensor 10, the relative size, shape and weight of paddle portion 16, 
and the size, weight and type of deformation sensors used. 

i; 10 In the embodiment shown in Figure 6a, the effect of offsetting the magnets is to make the 

O response of the Hall Effect Sensor more asymmetrical since the magnets now translate as well as 

o 

gj rotate. The HES is preferably mounted on the upstream or blower side of the magnets to get the 

,SKS=. 

strongest response in the forward flow direction. 

Using the method to assemble the flow sensor as shown in Figures 6a-c, the initial 



si 5 tension in torsion strip 18 can be set to any desired value. When using a Hall Effect Sensor, the 

Q 

HI initial torsion strip tension will determine the strength and clarity of the signal generated by the 

Of magnets. Torsion strip 1 8 is preferably held at an initial tension at which the effects of gravity 

III 

O on the HES output are reduced, and the effects of change in position such as mechanical 

fU 

deflection of paddle portion 16 are enhanced. Preferably, if Mylar® or other plastic or similar 
20 polymeric materials are used to make torsion strip 18, strip 18 is subjected to a minimum amount 
of initial tension so as to substantially reduce the creep rate of the polymeric material over time. 
In the embodiment shown in Figures 6a-c, the preferred tension was obtained by applying 
between about 250 grams to 1,000 grams force. More preferably, torsion strip 18 is under an 
initial tension of about 250 g force. 

25 In addition to initial strip tension, the position of the HES relative to the magnets 

contributes to the strength and clarity of the signal generated and to the overall sensitivity of the 
flow sensing apparatus. The position of the HES relative to the magnets can be adjusted by 
monitoring the zero flow output of the HES. Preferably, the HES is positioned relative to the 
magnets such that the output voltage at zero flow is between about 1.5 V and 2.5 V, more 

30 preferably about 2.1 V, when the supply voltage is about 5.0 V, to attain the desired sensitivity. 
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Wall 36, seen in Figure 5, between the HES 32 and magnet 30 is as thin as possible, preferably 
about 0.5 mm. In the embodiment shown in Figure 5, the center of HES 32 is positioned 
approximately aligned with the edge 38 of magnet 30 to optimize sensitivity. 

Housing 22 can be made of any rigid materials that does not substantially interfere with 
5 the operation of the flow sensor 10. Preferably, housing 22 is machined from a material such as 
acetal, acrylic, polyvinylchloride (PVC) or other similar materials. 

HES 32 can be any commercially available sensor. Magnets 28 and 30 can be any type 
of magnet useful with HES 32. Preferably, rare earth button magnets that are strong enough to 
hold themselves onto torsion strip 18 are used. In one preferred embodiment, nickel-plated 
neodymium button magnets having a diameter of 6 mm and a height of 2 mm are used. 
One preferred embodiment of the flow sensing apparatus of the present invention has a 
sensitivity, defined as the slope of the output voltage versus flow characteristic, that is inversely 
related to the fluid dynamic pressure, defined as the dynamic pressure in the channel when 
paddle portion 16 is not present, at gas flow rates greater than about 20 1/min. In other words, 
1 5 the apparatus of the present invention has a higher sensitivity at low pressures, and a lower 
sensitivity at high pressures. In this embodiment, low pressure is defined as the fluid flow 
pressure generated by a gas flow rate of between about 20 1/min to 60 1/min, and high pressure is 
defined as the fluid flow pressure generated by a gas flow rate greater than about 60 1/min. 
The sensitivity of this direct-measurement flow sensing apparatus contrasts with the 
20 characteristics of the more common pressure-differential-producing sensors (e.g. orifice or 
venturi) in which the sensitivity reduces as the flow rate reduces. In pressure differential 
sensors, the fluid dynamic pressure is measured at two points, one upstream and one downstream 
from a restriction in the cross-sectional area through which the fluid is flowing. The pressure 
differential between these two points can be used to determine fluid flow rates based on a 
25 calibration plot, correlating known flow rates with a corresponding pressure differential. At very 
low flow rates, the pressure differential becomes very low, and, as a result, the sensitivity of the 
sensor also necessarily decreases. To obtain sufficient signal-to-noise ratio at low flows in such 
sensors, a very expensive pressure transducer is required. 

In positive air pressure systems, the ability to measure the lower flow rates accurately is a 
30 significant advantage since many sleep-related disorders involve momentary lapses of breathing 
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or irregular breathing patterns during which the fluid dynamic pressure is quite low. Those 
skilled in the art will appreciate that the fluid dynamic pressure varies not only with flow rate, 
but with the diameter of the orifice through which the fluid is flowing. Because of the wide 
range of pressures a positive air pressure device must accommodate, the gas flow duct or hose 
5 typically has a diameter that necessarily results in very low fluid dynamic pressure at low flow 
rates as seen, for example, in Figure 13. It is precisely at these low flow rates and corresponding 
low fluid dynamic pressures that the flow sensing apparatus of the present invention 
demonstrates the most sensitivity. In addition, the reduced sensitivity at higher fluid flow rates is 
advantageous in positive air pressure systems because the increased sensitivity at higher flow 
10 rates of other flow sensors is not useful and only unnecessarily uses up the dynamic range of the 
output voltage. 



- - 



S Unlike the flow switches commonly used to detect breathing direction in respiratory 

devices, which can only indicate breathing "in" or "out", the flow sensor of the present invention 
f~ provides output information along a continuum indicating whether the patient is inhaling or 
T5 exhaling and the depth or strength of the patient's respiration. 



i; « 



rij In most positive air pressure systems, there is a continuous positive air flow to the 

patient, even when the patient exhales. There is usually provided some leakage flow mechanism, 
such as through the patient mask, to vent out the excess air. The air flow through the air duct of 
the PAP does not change direction during the breathing cycle because the leakage flow generally 
20 exceeds the exhalation flow. 

In some cases, if the leakage flow rate is less than the exhalation flow the direction of air 
flow may, momentarily, reverse. If the direction of the air flow changes for too long, the patient 
may rebreathe exhaled air. Since the flow sensing apparatus of the present invention is highly 
sensitive at low fluid dynamic pressures and can detect a reverse or negative fluid flow, it can be 
25 used to monitor whether rebreathing or other dangerous conditions may be occurring. The flow 
sensing apparatus can be used as an early warning system for detecting insufficient positive fluid 
pressure, indicating some sort of problem with the patient's breathing. 

It is desired to provide a positive air flow to the patient at different pressures depending 
on the patient's breathing cycle. The sensitivity of the patient breath flow sensing apparatus, 
30 therefore, determines how well the PAP system responds to the patient. 
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The flow sensing apparatus of the present invention is highly sensitive to very low fluid 
flow rates. Preferably, the flow sensing apparatus can measure gas flow rates ranging from 
about -10 1/min. to about 150 1/min. The negative flow rate values are an indication of patient 
rebreathing. Upon detecting rebreathing, the flow sensing apparatus sends an appropriate signal 
5 to the PAP device so that the problem can be corrected. 

Figure 7 shows flow sensor apparatus 10 in operation in conjunction with positive air 
pressure device 50. PAP device 50 includes air flow controller 60, and may also include, inter 
alia, a blower 64 and a processor (not shown), PAP device 50 includes an air duct 52, into 
which flow sensing apparatus 10 can be positioned. Duct 52 is connected to hose 54, which is 
IP connected to breathing interface 56. Breathing interface 56 can be any type of patient breathing 

Q interface, such as a mask fitting over the patient's nose and mouth. Apparatus 10 senses the 

D 

ng patient's breathing and sends a corresponding signal to the controller via connector 62. The 

f% 

;;; w f controller 60, in turn, controls the air pressure delivered to the patient. Controller 60 is in fluid 



■P communication with blower 64. Blower 64 includes intake 66 in fluid communication with the 
3 l5 atmosphere. 

Although sensor 10 is shown in Figure 7 as being positioned in air duct 52, sensor 10 can 



ftj 



be positioned anywhere along the air delivery path including intake 66, duct 52, hose 54, and 
interface 56. 



In a preferred embodiment, a flow corrector or straightener is used in conjunction with 
20 flow sensor 10 to further enhance the sensitivity of sensor 10 to a patient's breathing. The flow 
corrector serves to reduce air turbulence coming from the blower, so that the sensor can more 
accurately detect changes in the patient's breathing. As shown in Figure 7, flow corrector 58 can 
be positioned upstream of flow sensor 10 in air duct 52. Figure 8 shows one example of flow 
corrector 58. Preferably flow corrector 58 is positioned as close as possible to flow sensor 10 
25 without interfering with the sensor's operation. In one preferred embodiment, flow corrector 58 
is positioned about 6 mm upstream from sensor 10. 

As seen in the figures, paddle portion 16 of flow-responsive element 12 projects into the 
fluid flow path approximately perpendicular to the flow direction to optimize sensitivity of 
element 12. The size of paddle portion 16 will vary depending on the cross-sectional area of the 
30 fluid flow path. As the size of the paddle 16 approaches the dimension of the cross-sectional 
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area of the fluid flow path, fluid dynamic pressure is applied to a greater surface area of the 
paddle, increasing the torque applied to torsion strip 18 and enhancing the overall sensitivity of 
the sensing apparatus. At the same time, the larger the size of the paddle, the greater the 
restriction to the flow passing through the sensor, which may adversely affect the sensitivity of 
the flow sensing apparatus. Therefore, the size of the paddle portion should be selected to 
optimize the sensitivity of the sensing device while minimizing the possible restriction to the 
fluid flow. 

If the paddle is too small, it will respond to turbulence associated with the boundary layer 
and the housing. It is therefore preferred that the paddle project into the free stream portion of 
the fluid flow. Generally, it is preferred that the paddle project into the flow by greater than 1 0% 
of the flow path diameter. The paddle projection into the flow path can approach 100% of the 
flow path diameter. However, the paddle must be clear of the duct walls to remain functional at 
all operational flow rates. 

The shape of the paddle can be similarly selected to optimize sensitivity while 
minimizing the effects of drag forces and other factors affecting the signal-to-noise ratio. The 
selection of a suitable shape is a function of the flow range being monitored and the signal-to- 
noise ratio. Preferably, a wide, elongate paddle, as shown in Figure 1, is used as it generates a 
significant amount of torque while providing a desired sensitivity level. Other shapes may be 
suitable depending on the size and shape of the duct and the degree of sensitivity desired. 

The flow-responsive element of the flow sensing device may also be sensitive to 
gravitational forces. If the apparatus is rotated from its normal use position, the deformable 
element may lose some sensitivity. This effect can be counteracted by using sensors, such as 
magnets, of a selected weight, selectively positioned on the torsion strip portion to reduce the 
effects of gravity on the overall sensitivity of the device. 

Example 1 

To demonstrate the inverse relationship between flow sensor sensitivity and flow rate, the 
output voltage was measured over a range of flow rates. An 1 ,800 mm long hose having a 
diameter of 20 mm was attached to a centrifugal blower by a duct to generate air flow through 
the hose. The duct had a diameter of 32 mm at the blower outlet end and tapered down to a 
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diameter of about 20 mm at the hose attachment end. The blower included a motor which could 
drive the rotor to 12,000 RPM. A flow sensor made of Mylar® having a thickness of 80 microns, 
with a paddle portion having the shape and dimensions shown in Figure 9, was attached within 
the duct adjacent to the blower outlet. 

5 The blower and hose assembly was calibrated based on speed versus output flow. As 

seen in Figure 10, the relationship between blower speed and flow rate is linear except at very 
low blower speeds, where laminar conditions have a greater impact on the flow rate. From the 
data shown in Figure 10, the following equations were derived to translate measured blower 
RPM to flow rate: 

10 

N* For RPM > 900, flow rate (1/min) = RPM-273 

39 



ff For RPM < 900, flow rate (1/min) = (RPM/212.6) 2 



|S The flow sensor was then tested by recording the HES output voltage deviation from the 

q zero-flow rate against the blower RPM (converted to flow rate using the equations described 

IE above). The results are shown in Figure 1 1 . As can be seen, the sensor has a higher sensitivity 

ill 

ft! (seen as a greater slope of the output voltage plot) at low flow rates (20 1/min to 60 1/min) and a 
m lower sensitivity at higher flow rates (greater than 60 1/min). The highest sensitivity of this 
20 example is at about 30 1/min, which corresponds to the preset exhaust flow of a typical positive 

air pressure device mask. This coincides with zero patient flow, making the sensor particularly 

useful for detecting the beginning of inhalation or exhalation. 

Since a typical PAP device primarily operates at between 30 1/min and 150 1/min, the 
increased sensitivity at lower flow rates of the sensor of the present invention is a significant 
25 improvement over previous methods or devices, as further exemplified below. 

Example 2 

The sensitivity of the flow sensor of the present invention was compared to the sensitivity 
of a conventional pressure-differential flow meter. The results are shown in Figure 12. By 
comparing the slopes of the output voltage characteristics, it can be seen that at lower flow rates 
30 the sensitivity or slope of the output voltage of the flow sensor of the present invention is higher 
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than at high flow rates. In contrast, the sensitivity of the pressure differential flow meter 
gradually increases with increasing flow rate, and is less sensitive than the flow sensor of the 
present invention at low flow rates. 

Although the description and figures describe some embodiments of the present 
5 invention, many other embodiments and variations of the flow sensing apparatus are 

encompassed by the teachings of the present invention. It is therefore understood that the 
foregoing text and figures are not intended to limit the scope of the present invention, which is 
fully set forth in the claims recited hereinbelow. 
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